INTRODUCTION {#s1}
============

Muscle contraction produces force and change in the muscle's length, i.e., velocity. These parameters will change depending on the muscle's structure[@r1]^)^. Skeletal muscles are primarily classified into parallel muscles and pennate muscles, based on the muscle's form and structure. In parallel muscles, the shortening velocity is faster and the range of motion is larger because the muscle fibers are arranged longitudinally and directly reflect mechanical shortening. In contrast, in pennate muscles, the shortening velocity is slower and the range of motion is shorter because muscle fibers are arranged diagonally with a certain pennate angle. Pennate muscles exert stronger force because they comprise a greater number of muscle fibers, with a larger cross-sectional area. Generally, parallel muscles are located at joints, such as the elbow joint, and require exercise to change the joint angle significantly. Conversely, many pennate muscles are located in the lower extremities and counteract the effects of gravity[@r2], [@r3]^)^. Therefore, the forms of skeletal muscles closely relate to their function.

The semitendinosus muscle (ST) composes a part of the hamstrings and has a characteristic form ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Structure of the semitendinosus muscleThe line of tendinous inscription (arrow 1) lies at the center of the muscle belly. The distal tendon is longer than the proximal tendon. The proximal compartment has the structure of a parallel muscle, whereas the distal compartment is considered a pennate muscle because it has a pennate angle (arrow 2; recorded at 65% from the proximal tendon).). The ST has a tendinous inscription (TI) in the center of the muscle belly, and its muscle fibers are divided into a proximal compartment (PC) and a distal compartment (DC). The PC of the ST is a parallel muscle, but the DC has a pennate structure with an average 12.9° pennate angle[@r4]^)^. In other words, the ST comprises both parallel and pennate muscles dependent on the existence of the TI. Functional differences can therefore be assumed between the two compartments, because each has a unique innervation[@r5], [@r6]^)^.

Reportedly, the ST is susceptible to injury in the DC on the sports field[@r7]^)^. It is believed that the muscle fibers are particularly easily injured during eccentric contraction because they cannot withstand elongation due to the load[@r3], [@r8]^)^. For example, the DC is often damaged during the swing phase of running. Weakness of the hamstring muscles was predicted to underlie this damage[@r9],[@r10],[@r11]^)^, and hamstring strengthening exercises have been proposed as a precaution[@r12], [@r13]^)^. Also, the increase in stiffness of the hamstrings may serve as a cause of shoulder and elbow pain[@r14]^)^ and decrease of dynamic postural control[@r15]^)^. Although there are many reports on the injury of the DC and on the treatment of stiffness of the hamstrings[@r16], [@r17]^)^, few studies have considered the difference between the PC and DC.

In the context of our clinical rehabilitation for patients who have undergone total knee arthroplasty, it was observed that flexibility of the DC of the ST is lost, but not that of the PC. Therefore, mechanical massage was often done in the popliteal regions[@r18]^)^. It was also observed that muscle force or range of motion in the knee joint increases with improved flexibility of the DC. However, this is difficult to prove clinically because the ST has a complex form.

Therefore, it is important to determine the functional differences between the PC and DC of the ST. In this study, using an ultrasound device, muscle fiber lengths in each compartment of the ST were measured during knee flexion and hip extension to determine the functional differences between the DC and PC as well as changes in joint angle.

SUBJECTS AND METHODS {#s2}
====================

The left legs of seven men aged 21--38 years, without orthopedic or neurological system disorders were examined. After the purpose of this study was explained to them, all of them provided written informed consent in order to participate. All procedures in this study were approved by our institutional ethics committee (No. 39-2).

The participants performed knee flexion (KF) and hip extension (HE) movements in the prone position, with 0° extension of the knee joint and 25° flexion of the hip joint. A band was fixed on the lumbar region and pelvis during movements. KF was defined as a flexion movement from about 0° to 80° knee flexion at 25° hip flexion. HE was defined as an extension movement from about 25° to 0° hip flexion at 0° knee flexion. These movement angles were selected with reference to those that occur during normal walking and because of the ease of the movements. Participants performed one movement every 4 seconds with the aid of an electric metronome. The TI of the ST was recorded at least twice, and the pennate part was recorded at least three times ([Fig. 2a](#fig_002){ref-type="fig"}Fig. 2.Experimental set-up and methods of measurement**a.** There were two movements and two recorded parts. In each movement (knee flexion and hip extension), the tendinous inscription and pennate parts were recorded at different times.**b.** Ultrasound images were recorded at the tendinous inscription part and distal pennate part, during two movements, for each subject (a). These images were uploaded to a personal computer from an ultrasound device. The knee and hip joints angles were recorded using a video camera, in synchrony with the ultrasound images (c). The ultrasound (a) and joint angle (b) images were analyzed using DARTFISH animation software (c).; see below for further details). The participants were allowed to rest between experiments. Before recording, the participants practiced the movements in order to maintain a fairly constant velocity and to avoid compensation caused by extension of the lumbar vertebrae during hip extension.

The images of the TI and pennate parts of the ST were captured using an ultrasound device (SSA-770A; Toshiba Medical Systems Corporation, Otawara, Tochigi, Japan). Shift of the TI position was measured from images of the TI, while changes in distal muscle fiber length, longitudinal length of the DC muscle, pennate angle, and muscle thickness were measured from images of the pennate part. Ultrasound images were converted to digital images at 60 frames per second by a personal computer. A probe with a linear form was used, taking care not to squeeze the muscle shape while lightly positioning the probe on the back of the thigh. One experimenter recorded all images, and two experimenters confirmed all images.

An ultrasound image of the TI is shown in [Fig. 3a](#fig_003){ref-type="fig"}Fig. 3.Ultrasound images(a) An example of the tendinous inscription part (see arrow 1 in [Fig. 1](#fig_001){ref-type="fig"}). The tendinous inscription is V-shaped. Point (A) is the intersection of the tendinous inscription and superficial fascia. The muscle fiber on the left side of point (A) represents the proximal compartment. Movement of point (A) is considered as a change in the muscle fiber length of the proximal compartment, as shown in c.(b) An example of the pennate part of the distal compartment is depicted (see arrow 2 in [Fig. 1](#fig_001){ref-type="fig"}). The muscle on the left side is thicker than distal right side. We recorded the same muscle fiber and thickness values in a single movement (see [Fig. 4](#fig_004){ref-type="fig"}).(c, d) Expressed models of the tendinous inscription part (c) and the pennate part (d) during movement of the knee and hip joints, respectively.SF: superficial fascia; TI: tendinous inscription; Fas: fascia between the semitendinosus and semimembranosus muscles; ST: semitendinosus muscle; SM: semimembranosus muscle; MF: muscle fiber. Muscle length in the PC was appreciated from the shift of the intersection of the TI and superficial fascia (point A in [Fig. 3a and 3c](#fig_003){ref-type="fig"}). It was inferred that the muscle length of the PC shortened when point A moved in a proximal direction and elongated when point A moved in a distal direction. This was because the part proximal to point A comprised muscle fibers of the PC. Sometimes, the shift in TI position was longer than the width of the probe, and it was unable to be measured. Therefore, sonic wave opacity tapes were affixed on the skin, and these tape points were considered a criteria point during repeated recordings.

An ultrasound image of the pennate part is shown in [Fig. 3b](#fig_003){ref-type="fig"}. The pennate part was captured at the clearest point (which is usually located 65% toward the tibial tuberosity from the ischial tuberosity; [Fig. 1](#fig_001){ref-type="fig"}). It was supposed that superficial fascia and muscle fibers that did not appear were in a straight line when the pennate part was measured (dotted line in [Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Model of the pennate part of the semitendinosus muscleThe superficial fascia and muscle fiber are composed of two planes with pennate angle, θ.SF: superficial fascia; MF: muscle fiber; θ: pennate angle; LL: longitudinal length of the distal compartment muscles; MFL: muscle fiber length; T: muscle thickness). The length of muscle fiber in the DC and the longitudinal length of the DC muscle were calculated from the pennate angle and muscle thickness, because the muscle fiber was longer than that shown by the ultrasound image ([Fig. 4](#fig_004){ref-type="fig"}). Shortening and elongation of the muscle fiber length in the DC were determined relative to those during rest.

Joint movement was recorded by a video camera (GZ-HD300; Victor Company of Japan, Ltd., Yokohama, Kanagawa, Japan) during all experiments, simultaneously with ultrasound images. The images were recorded at 60 frames per second. The joint angles were measured from these images.

Joint angles were analyzed from video images and shift of the TI position, while muscle length of the DC, longitudinal length of the DC muscle, pennate angle of the DC, and muscle thickness of the DC were analyzed from ultrasound images. The averages of the clearer two of all recorded images and were used. The joint angle was measured using the automatic tracking mode of Dartfish (Dartfish Japan Co., Ltd., Shibuya-ku, Tokyo, Japan). Each time the joint angles changed by 1°, the other data were measured manually because ultrasound images were too unclear to use an automatic mode.

Four data points for decreases in muscle length were obtained for each participant. These were measured in both the TI and pennate parts during KF and HE (one point for each part during each movement). In addition, the sum of the decreases in muscle length of the PC muscles and the longitudinal length of the DC muscles were obtained during KF and HE. The measurement errors, errors arising owing to unclear images, and analysis errors for the DC were greater than those for the PC, because the length of the DC muscle fibers was calculated using two measurements (i.e., pennate angle and muscle thickness). Thus, three data points were obtained for the pennate part in order to calculate the average of every three measurements and to decrease the effects of these errors.

Statistical computing R (version 3.0.1; The R Foundation for Statistical Computing, Vienna, Austria) was used for statistical analysis. Decreases in muscle fiber length and the joint angle in both compartments were correlated using the Pearson's correlation coefficient. Significance was set at p\<0.05.

RESULTS {#s3}
=======

During KF, there were significant correlations in both compartments, with decreases in muscle fiber length and joint angle in both compartments showing correlations (PC, r=0.75, p\<0.00001; DC, r=0.54, p\<0.00001). During HE, there were no significant correlations in either compartment (PC; r=−0.12, p=0.134, DC; r=−0.13, p=0.111). There were significant correlations in longitudinal length of the whole ST and joint angle during KF and HE (KF, r=0.86, p\<0.00001; HE, r=0.19, p=0.037).

The decreases in muscle fiber length and joint angle are presented in [Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Decreases in muscle fiber length during joint movementThe graphs depict decreases in muscle fiber length in (a) the proximal compartment (PC) during knee flexion; (b) the proximal compartment during hip extension; (c) the distal compartment (DC) during knee flexion; (d) the distal compartment during hip extension; and decreases in the sum of muscle fiber length of the proximal compartment and longitudinal length of the distal compartment (e) during knee flexion and (f) during hip extension. r, Pearson's correlation coefficient. N.S., not significant. The black lines indicate the mean of the changes in muscle fiber length. The gray lines indicate the standard deviation of the decreases in muscle fiber length.There was a strong correlation between joint angle and muscle fiber length during knee flexion (a and b). During hip extension (c and d), there was no correlation between joint angle and muscle fiber length.. During KF in both compartments ([Fig. 5a and 5c](#fig_005){ref-type="fig"}), when the knee flexion angle increased, muscle fiber length decreased. However, during HE in both compartments, the decreases in muscle fiber length were disconnected ([Fig. 5c and 5d](#fig_005){ref-type="fig"}).

Only the decreases in muscle fiber length in the DC during HE tended to be negative; in other words, the muscle fibers were extended ([Fig. 5d](#fig_005){ref-type="fig"}). The other decreases in muscle fiber length tended to be positive; in other words, the muscle fibers shortened.

The mean and standard deviation of the changes in pennate angle and muscle thickness in the DC are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Changes in pennate angle of the distal compartments and muscle thickness of the distal compartments for all subjectsKnee flexionHip extensionPennate angle\
(degrees)Muscle thickness\
(cm)Pennate angle\
(degrees)Muscle thickness\
(cm)Subject 14.6 ± 3.4−0.7 ± 3.1−2.1 ± 2.22.2 ± 2.3Subject 23.7 ± 2.00.9 ± 1.34.2 ± 4.05.1 ± 5.2Subject 36.6 ± 4.71.3 ± 2.02.1 ± 1.92.9 ± 1.9Subject 44.8 ± 3.33.1 ± 1.51.7 ± 2.04.4 ± 2.1Subject 59.4 ± 4.23.2 ± 3.14.7 ± 3.84.0 ± 2.6Subject 65.0 ± 2.41.1 ± 1.24.2 ± 2.44.5 ± 2.2Subject 75.0 ± 3.5−0.1 ± 1.90.7 ± 3.84.9 ± 2.8During knee flexion, the pennate angle increased and muscle thickness tended to increase. During hip extension, the pennate angle tended to increase and muscle thickness increased. Values are shown as mean ± standard deviation.. Overall, the means increased.

DISCUSSION {#s4}
==========

This study aimed to identify the functional differences between the PC and DC of the ST during KF or HE. Decreases in muscle fiber length in the PC and DC were measured using ultrasound exam, and the correlation between decreases in muscle fiber length and joint angle were calculated. Previous studies have reported differences in the examined muscles. These studies compared muscle activity in the medial and lateral sites in the biceps brachii longus muscle using wire electrodes and reported a difference in the activities of these muscles during elbow flexion, forearm supination, or shoulder exorotation[@r19], [@r20]^)^. Additionally, some studies compared muscle fiber and tendon length during walking using an ultrasound device and reported differences in the length of these fibers during each walking phase[@r21], [@r22]^)^. However, the aforementioned studies did not examine in-series muscle fibers as well as the PC and DC of ST. The present study hypothesized that the proximal muscle fiber and distal muscle fiber might have functional differences.

It was found that decreases in muscle fiber length in the PC and DC correlated with the joint angle during KF. In addition, the longitudinal length of the whole ST was correlated with the joint angle during KF. The difference in correlation was too small to determine the exact functional difference between the PC and DC, and it is possible that there are not functional differences between the PC and DC during KF.

During HE, there were no significant correlations between decreases in muscle fiber length in the PC and DC and joint angles. However, there were differences in the shortening or elongation of muscle fibers; i.e., these displayed different fascicle behavior. These results differed from other results in that the muscle fiber of the PC shortened during HE. The pennate muscle can control the change of muscle tendon complex length by changing the pennate angle[@r23]^)^. This difference during HE could be meaningful and was one of the functional differences.

It is important to note that the measurement methods used for each compartment were different. Measurement of decreases in muscle fiber length in the PC used the shift of the TI, recording all muscle fibers of the PC. Conversely, measurement of the DC did not cover all muscle fibers of the DC, but only those in the pennate part. Also, it is necessary to obtain three-dimensional measurements because the ST is staggered[@r5]^)^, and it is possible that this staggering differs between the PC and DC. Next, it is necessary to consider that each compartment affects the tension of the other. When one compartment is undergoing contraction, afferent information from muscle spindles and Golgi tendon organs in the other compartment changes. The response from afferent information was different even in the same muscle at every site, e.g. medial and lateral head of the gastrocnemius[@r24]^)^. In ST muscle, the afferent information of PC and DC may produce different responses. During KF, the correlation between the PC and DC did not determine those differences, which suggested that the PC and DC produced similar level of tension. During HE, the muscle fiber of the DC might be eccentrically contracted, although it might be passively stretched by muscle activity of the PC. Muscle activity increases the pennate angle and muscle thickness. These both increased in the DC during HE. The muscle activity of the DC might be weaker than that of the PC, but would not be inactive.

In addition, the longitudinal length of the whole ST was correlated with joint angle during HE. The fascicle behavior during HE differed between the PC and DC, but both compartments shortened as a whole because the muscle activity was coordinated. It was unclear why the PC, parallel muscle, contracted stronger than did the DC during HE. In parallel muscles, the shortening velocity is faster and the range of motion is larger than those in pennate muscles. During HE, the change of muscle tendon complex length should be smaller, because few joint ranges were measured. During HE, it was predicted that the PC played fewer roles and contracted weakly, but our results did not support this prediction. The reason might be the effect of the slow velocity motion. Slow velocity motion does not require strong contraction. Therefore, the DC that exerted stronger force might contract more weakly than does the PC.

Our results can be applied in clinical contexts. In the context of sports, it is thought that the ST is prone to injury[@r7]^)^, particularly during eccentric contraction[@r3], [@r8]^)^. Our results suggest that muscle fibers tend to elongate in the DC, which may be the cause of many injuries to the DC of the ST. In addition, rapid hip extension may cause injury to the DC of the ST, because hip extension caused elongation of the muscle fibers of the DC.

There are three main limitations of this study. First, the muscle fiber length of the PC was measured movement for the skin, but movement of the skin for the bone was not measured. The skin around the joint moved to a greater extent for the bone during joint movement[@r25]^)^, which may have caused a skin effect. Second, muscle activity was not measured. The proportion of muscle activity that each compartment contributed to a movement could not be determined and the muscle activity was not measured with, for example, electromyograms. In addition to the gluteus maximus, the gluteus medius, gluteus minimus, hamstrings, and adductors muscles act as hip extensors. Additionally, the hamstrings and gracilis, sartorius, popliteus, and gastrocnemius muscles act as knee flexors. Regarding the hip joint in particular, the contribution of the ST may be minimal, because the correlation of the change in joint angle and decreases in muscle fiber length was not significant.

Finally, a single joint movement was examined by one method of force production and contraction velocity through a partial range of its motion. These components of movement were important with respect to the differences between parallel and pennate muscles. In addition, during walking and other activities, there are other effects, such as ground force reaction, and the activity of other muscles. The clinical implications of our findings may be limited, and it is necessary to perform additional investigation and to consider various other factors.
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